Posttranslational modifications of histones play an essential role in heterochromatin assembly. Whereas the role of Clr4/Suv39h-mediated methylation of histone H3 at lysine 9 (H3K9) in heterochromatin assembly is well studied, the exact function of histone deacetylases (HDACs) in this process is unclear. We show that Clr3, a fission yeast homolog of mammalian class II HDACs, acts in a distinct pathway parallel to RNAi-directed heterochromatin nucleation to recruit Clr4 and mediate H3K9 methylation at the silent mating-type region and centromeres. At the mat locus, Clr3 is recruited at a specific site through a mechanism involving ATF/CREB family proteins. Once recruited, Clr3 spreads across the 20 kb silenced domain that requires its own HDAC activity and heterochromatin proteins including Swi6/HP1. We also demonstrate that Clr3 contributes to heterochromatin maintenance by stabilizing H3K9 trimethylation and by preventing histone modifications associated with active transcription, and that it limits RNA polymerase II accessibility to naturally silenced repeats at heterochromatin domains.
Introduction
The organization of genetic information into distinct chromatin domains plays a critical role in all aspects of DNA biology in eukaryotes. Chromosomes are organized into two major types of chromatin domains, generich and transcriptionally competent euchromatin and gene-poor and transcriptionally repressed heterochromatin. Except for certain interstitial sites on the chromosome arms, heterochromatin is generally associated with repetitive DNA sequences present at centromeres and telomeres and has crucial roles in maintaining genome integrity, regulation of gene expression, and nuclear organization ( 
Results

Localization of Clr3 to the mat Locus Is Dependent on Swi6 and Chp2
To understand the role of Clr3 in heterochromatic silencing at the mat locus, we first examined its localization at a ura4 + reporter gene (Kint2::ura4 + ) inserted within the mat2/3 interval (Grewal and Klar, 1997). To this end, we constructed a strain expressing the Clr3 protein fused to a FLAG epitope tag at its carboxy terminus (Clr3-[FLAG] 3 ). Clr3-(FLAG) 3 is fully functional (data not shown) and expressed under the control of native regulatory elements. Chromatin immunoprecipitation (ChIP) analysis showed that Clr3-(FLAG) 3 was preferentially enriched at Kint2::ura4 + as compared to the control mini-ura4 (ura4DS/E) at an endogenous euchromatic location, suggesting that Clr3 specifically localizes to the silenced chromosomal region (Figure 1) .
It has been shown that the chromodomain proteins Swi6, Chp1, and Chp2 localize to heterochromatic loci including the mat locus, centromeres, and telomeres. In contrast to Swi6 and Chp2 proteins that are required for stable maintenance of heterochromatin and silencing at the mat locus, Chp1, a component of the RITS RNAi complex (Verdel et al., 2004) Figure  2A ), which is distinct from the cenH element responsible for RNAi-mediated targeting of heterochromatin to this region. We next investigated whether loss of Clr3 HDAC activity affects its localization. A strain expressing the mutant Clr3 (clr3-735) tagged with the FLAG epitope was constructed. The Clr3-735 protein contains a mutation near its active site and expresses at a level comparable to that of wild-type protein, but mutant cells are defective in histone deacetylation and silencing at the mat2/3 locus (see Figure S1 with the Supplemental Data available with this article online) (Grewal et al., 1998; Noma and Grewal, 2002). ChIP analysis revealed that the Clr3 mutant protein was mainly restricted to the nucleation site adjacent to the mat3 locus and the spreading of Clr3 across the mat2/3 region was severely affected (Figure 2A) . We also determined the effect of Sir2 on Clr3 localization. Loss of Sir2 compromises heterochromatin spreading at the mat locus (Shankaranarayana et al., 2003) . Surprisingly, except for a small but reproducible enrichment of Clr3 at the nucleation site, Clr3 was virtually absent from the entire mat2/3 region in a sir2D strain (Figure 2A ). These data, together with results showing defects in Swi6 localization at the mat locus in clr3-735 cells (see below; Figure  S2 ), suggest that Clr3 is initially recruited to the silent mat interval at a nucleation site located near the mat3 locus. Subsequently, Clr3 spreads across the entire mat2/3 interval that is dependent upon its own HDAC activity, Swi6 and Sir2 proteins, and possibly other factors, such as Chp2, involved in heterochromatin assembly. + in wildtype and mutant strains were examined by ChIP using antibodies specific for H3K9me1, H3K9me2, and H3K9me3, respectively. (B) Clr4 is required for monomethylation of H3K9. H3K9me1 levels at Kint2::ura4 + in clr3⌬ and clr3⌬clr4⌬ mutants were examined by ChIP using an antibody specific for H3K9me1. (C) Clr3 is important for Swi6 localization at the mat locus. Swi6 levels at Kint2::ura4 + in wild-type and mutant strains were examined by ChIP.
H3K9 methylation in S. pombe. H3K9me1, which was observed in clr3D cells, was completely abolished in a clr3Dclr4D double mutant strain ( Figure 5B ). We next explored whether loss of Clr3 affects Swi6 binding at the mat locus. Deletion of clr3 resulted in severely reduced Swi6 levels at Kint2::ura4 + even though Swi6 expression was not affected ( Figure 5C ; Figure S3 ). Unlike wild-type cells in which Swi6 was preferentially enriched throughout the mat2/3 interval, the levels of Swi6 were drastically reduced across this entire heterochromatic domain in clr3D cells ( Figure  S2 ). We also studied the effects of mutations in clr3 on Swi6 localization at outer (otr) centromeric repeats where the RNAi machinery plays a predominant role in targeting H3K9me and heterochromatin formation. Loss of Clr3 activity also resulted in reduction in Swi6 levels at otr repeat loci, although the effect was less severe than that observed at the mat locus (data not shown) (Nakayama et al., 2001 ). Based on these results, we conclude that Clr3 is required for efficient binding of Swi6 to heterochromatic loci.
Swi6 Delocalization in clr3⌬ Cells Correlates with Aberrant Histone Modifications
The loss of H3K9me3 observed in clr3D cells could, in principle, be responsible for the decrease in Swi6 localization at the mat locus. Alternatively, modifications of residues adjacent to the H3K9me mark might interfere Figure 6A ). Similar changes were observed in the swi6 mutant; however, the effect on H3S10ph was weaker than in the clr3 mutant ( Figure 6A ). Intriguingly, in these mutant cells, H3S10ph levels at Kint2::ura4 + were higher than those at the ura4DS/E locus located at the endogenous euchromatic site (Figure 6A ), consistent with a special-ized mechanism targeting H3S10ph to heterochromatic loci (Petersen et al., 2001) . Thus, lack of Clr3 results in aberrant histone modifications at the mat2/3 region, which might in turn be responsible for Swi6 delocalization.
To directly explore whether changes in the histone modification pattern in clr3 mutant might prevent Swi6 binding to chromatin, we performed fluorescence polarization binding assays to determine the interaction of Swi6 with a series of modified H3 peptides. These analyses showed that Swi6 has only limited preference for H3K9me1 over the unmodified H3 tail. Much stronger binding strength was observed for H3K9me2 and H3K9me3, which showed the strongest interaction (Figure 6B) . Binding experiments with peptides carrying multiple modifications further indicated that the presence of S10ph adjacent to the strongest Swi6 binding mark, H3K9me3, severely interferes with Swi6 interaction with H3K9me ( Figure 6B ). In contrast, H3K14ac had no effect on Swi6 binding to the H3K9me3 mark. These results suggest that, besides loss of H3K9me3, reduction in Swi6 levels at the mat locus in the clr3 mutant might be due to elevated levels of H3S10ph interfering with binding of Swi6 to methylated H3K9. We therefore tested whether the increase in H3S10ph in clr3 mutant cells was responsible for the reduction in Swi6 at the mat locus in vivo. Our analyses revealed that a temperature-sensitive mutation in the survivin homolog Cut17/ Bir1 (cut17-275), which is known to bind centromeric repeats and is required for proper localization of fission yeast aurora kinase Ark1 (Morishita et al., 2001 ), almost completely abolished H3S10ph at the mat locus in clr3D cells ( Figure 6C ). However, this loss of H3S10ph failed to restore Swi6 localization ( Figure 6C ), suggesting that, besides H3S10ph, additional mechanisms are responsible for Swi6 delocalization in clr3⌬ cells.
Clr3 Restricts RNA Polymerase II Accessibility to Heterochromatic Repeat Elements
To understand the function of Clr3 in transcriptional silencing and to explore whether aberrant histone modification patterns in a clr3 mutant background correlate with an increased access of the basal transcription machinery, we investigated the effect of clr3D on binding of RNA polymerase II (Pol II) to the naturally silenced cenH element located within the mat2/3 domain. ChIP analysis was performed using antibodies that recognize the carboxy-terminal repeat domain (CTD) of the largest subunit of Pol II. As shown in Figure 6D , we observed a dramatic (20-fold) increase in Pol II occupancy at the cenH element, suggesting that Clr3 HDAC is required to prevent recruitment of the basal transcription machinery to sequences at heterochromatic loci. Together, our analyses point to a role for Clr3 in preventing improper histone modifications and enhanced occupation of the basal transcription apparatus that could directly or indirectly destabilize heterochromatic structures.
Discussion
Recent studies have considerably advanced our understanding of heterochromatin assembly. While these studies have primarily focused on factors that trigger heterochromatin formation, such as repetitive DNA sequences and RNAi, with the subsequent methylation of H3K9 by Clr4/Suv39h and the recruitment of Swi6/HP1, the role of HDACs in this process is not entirely clear. Here, we used the fission yeast silent mating-type locus as a model system to dissect the roles of Clr3 HDAC in heterochromatin formation. We demonstrate that Clr3 acts in a pathway parallel to the RNAi mechanism to recruit Clr4 and nucleate heterochromatin assembly. Clr3 is recruited to the mat locus at a specific site by a mechanism involving ATF/CREB family DNA binding proteins, whereas spreading of Clr3 across a 20 kb silenced domain is dependent on its HDAC activity and the heterochromatin machinery including the Swi6 protein. Clr3 also plays a critical role in heterochromatin maintenance by stabilizing H3K9 trimethylation and preventing aberrant histone modifications. We propose that Clr3 has dual roles at the silent mating-type locus: to nucleate heterochromatin and to maintain appropriate histone modification patterns, thereby limiting access to the basal transcription apparatus including RNA Pol II.
Recruitment and Spreading of Clr3 across the Silent Mating-Type Locus
Based on our analyses, the process of Clr3 localization at the mat locus can be divided into at least two steps: the initial recruitment of Clr3 to the site near the mat3 locus and the subsequent spreading of Clr3 across the mat2/3 region (Figure 7) . The initial recruitment of Clr3 to the mat locus involves the newly identified CAS sequence as well as Atf1/Pcr1, which is known to localize to the CAS sequence and is required for heterochromatin formation (Jia et al., 2004a) . While we do not know presently whether Atf1/Pcr1 is sufficient to nucleate heterochromatin or whether additional factors are required, we note that loss of Sir2, which shares targets with Clr3 (Wiren et al., 2005) , results in severe defects in localization of Clr3 at the mat locus.
Although a substantial amount of Clr3 is localized to the nucleation site in a swi6 mutant, it fails to spread across the mat2/3 region. Likewise, Clr3 is confined to the nucleation site in a clr3-735 mutant that lacks Clr3 HDAC activity. Since we found that Swi6 is largely delocalized from the mat interval in the clr3-735 mutant ( Figure 
Experimental Procedures
Yeast Strains
The strains expressing epitope-tagged Clr3 were constructed using the PCR tagging method. To express Swi6 or Clr4 fused to HA or FLAG epitope at their amino terminus, we replaced endogenous copies of these genes with DNA fragments carrying open reading frames of these genes fused to epitope tags. HA-swi6 + and FLAGclr4 + are expressed under the control of native promoters. Standard conditions were used for growth, sporulation, and tetrad analysis. To construct the CASD strain, we first inserted an ura4 + marker gene at the EcoRV site near mat3M and then replaced the ura4 + with a DNA fragment lacking the CAS sequence by homologous recombination. 
ChIP
Immunoprecipitation and Western Analysis
Exponentially growing cells were harvested, resuspended in an equal volume of 2× HC buffer (200 mM HEPES [pH 7.4], 300 mM KCl, 2 mM EDTA, 40% glycerol, 2 mM PMSF) supplemented with protease inhibitor cocktail (Roche), and disrupted with acid-washed glass beads (Sigma) at 4°C. Cell lysates recovered by adding 1× HC buffer were centrifuged at 15,000 rpm for 20 min, precleared using IgG-Sepharose beads (Amersham), and used to perform immunoprecipitation overnight at 4°C. Immunoprotein complexes were recovered by incubation with protein G Sepharose beads for 1 hr and washed three times with 1× HC buffer before subjection to Western analysis.
Binding Assays
Swi6 fused to an amino-terminal His-tag was expressed in E. coli and purified by Ni-affinity and gel filtration chromatography. Fluorescence polarization binding assays were performed under condi-tions of 20 mM imidazole (pH 7.0), 25 mM NaCl, and 2 mM DTT and in the presence of 100 nM fluorescein-labeled peptide following a previously described protocol (Jacobs et al., 2001). 
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